The Chloridoideae (frequently known as Eragrostidoideae) comprise approximately 146 genera and 1360 species, whose adoption of efficient C 4 photosynthesis had led to their successful proliferation in the tropics and subtropics in arid and semiarid habitats (Clayton & Renvoize 1986) . The taxonomic history clearly shows that difficulties exist in recognizing ''natural'' (i.e. monophyletic) supra-generic groups (Liu & Zhao 2004) , with at least seven important classifications being proposed (Table I) . In the past, many attempts have been made to address phylogenetic relationships within the Chloridoideae, mainly on the basis of morphological and molecular data (Hilu & Wright 1982 , Jacobs 1986 , Jacobs & Everett 2000 , Hilu & Alice 2001 , however no general consensus exists. Erdtman (1952) stated that Gramineae pollen grains are spheroidal or ovoid, and have a 1-ulcerate aperture surrounded by a protruding annulus. In Chloridoideae, except for earlier studies on the pollen morphology of very few genera (Huang 1970 , Solomon et al. 1973 , Watson & Bell 1975 , Salgado-Labouriau & Rinaldi 1990 , little is known about the micro-morphology of the pollen, so its value in resolving taxonomic problems in Chloridoideae needs to be explored.
The present study aims to: (1) survey the pollen morphology of representatives of the Chloridoideae, (2) discuss its significance to the taxonomy of the Chloridoideae, and (3) formulate a hypothesis for the evolution of pollen characters within the Chloridoideae.
MATERIAL AND METHODS
Pollen samples from 57 species representing 42 genera were studied using light microscopy (LM), scanning electron microscopy (SEM) Table I . Synopsis of the worldwide established Chloridoideae classifications. Pilger (1956) Prat (1960) Hilu & Wright (1982) Clayton & Renvoize (1986) Watson & Dallwitz (1992) Van den Borre & Watson (1997) Hilu & Alice (2001) and transmission electron microscopy (TEM). Pollen was either obtained from herbarium specimens, or collected in the field from living material (Table II) . Pollen samples for LM and SEM were acetolysed following the technique of Erdtman (1960) . For LM, pollen was mounted in glycerine jelly on glass slides and permanently sealed. Equatorial diameter (E) and polar axis (P) were measured using LM in at least 20 mature pollen grains (magnification 6500). All other measurements were made on SEM-and TEM-micrographs (Table III) . Statistical analyses were conducted using Microsoft Excel 2000.
For SEM, acetolysed pollen was suspended in 70% ethanol, which in turn was placed on stubs, air-dried and coated with gold with a SPI-MODLE 2 sputter coater. Observations were made under a JEOL JSM-T300 SEM.
For TEM, unacetolysed pollen was fixed in 2.5% glutaraldehyde in 0.075 M phosphate buffer, post-fixed in 0.25% aqueous-osmium tetroxide, dehydrated in a graded acetone series, and embedded in epoxy-resin. An ultramicrotome fitted with a diamond knife was used to cut ultrathin sections. These were stained with 4% aqueous uranyl acetate and lead citrate and examined with a JEOL 1010 TEM.
Terminology follows Punt et al. (1999) and Chaturvedi et al. (1994 Chaturvedi et al. ( , 1998 .
RESULTS

General pollen description
Suboblate, oblate, spheroidal and prolate-spheroidal pollen grains (E~18.9 -35.6 mm, P~17.3 -35.6 mm; P/E0 .79 -1.2). A single aperture, 1.8 -4 mm in diameter, lacking or with a faint annulus to markedly protruding annulus, with an operculum; occasionally multi-aperturate. Annulus 0 -9.4 mm wide and 0 -1.6 mm high. Exine 0.5 -1 mm thick (LM), granulose, spinulose, verrucose, insular or brevicerebro ornate; supratectal granules/spinules 0.05 -0.15 mm high; tectum 0.25 -0.4 mm thick; columellar stratum 0.25 -0.4 mm thick; very thin endexine (about 0.08 mm); intine 0.8 -1.5 mm thick. Detailed information at generic level is presented in Table III .
Pollen types
All the genera studied have characteristic grass pollen morphology. Two aperture patterns and nine exine patterns are distinguished under SEM and TEM. These are categorized into five basic pollen types. 
Exine pattern
Nine exine patterns are distinguished under SEM and TEM. These are classified into five basic feature types: granulose, spinulose, verrucose, insular and brevicerebro-ornate. i) Sparsely granulose: Fine granules free, distributed on the smooth surface at a density of 2 -5 per mm 2 ( Fig. 1 A -C) . ii) Densely granulose: Granules free, distributed on the smooth surface at a density of 5 -7 per mm 2 ( Fig. 1 D -F) . iii) Rugulate-granulose: Fine granules free, distributed on the undulated surface at a density of 8 -9 per mm 2 ( Fig Clayton & Renvoize (1986 Genera included: Acrachne, Dactyloctenium.
Type 3
Pollen grains oblate spheroidal; E~21.4 -23.0 mm, P~20.9 -22.5 mm, P/E~0.98; non-annulate or faintly annulate aperture, 2.2 -2.7 mm diameter. Verrucose exine type; 
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Statistical analysis
In general, there is a positive correlation between floret length and pollen size ( Fig. 5A) : the longer florets tend to produce the larger pollen grains. This kind of correlation between flower and pollen is also found in other angiosperm families and may reflect a functional rather than a phylogenetic relationship (Torres 2000) . There is not a positive correlation between pollen size and pollen shape (Fig. 5B) . The positive correlations, between pollen and aperture size (Fig. 5C) , and between aperture and annulus diameter ( Fig. 5D) , are strong. A multi-aperture occasionally occurs in Leptochloa panicea (Fig. 3 G) and Schmidtia pappophoroides (Fig. 3  H) . A comparative analysis of the upper and lower florets of the spikelet showed that both perfect and imperfect florets produce the multi-aperturate pollen grains.
DISCUSSION AND CONCLUSIONS
The palynological characters of the representatives of Chloridoideae are summarized in this part. Further work on the additional samples is needed. Here we discussed their systematic significance. An important evolutionary trend in pollen supratectal elements development has been hypothesized.
Pollen of Chloridoideae has the following principal subfamilial diagnostic characteristics: Suboblate, oblate, spheroidal and prolate spheroidal pollen grains; E~18.9 -35.6 mm, P~17.3 -35.6 mm, P/E~0.79 -1.2. A Pollen characters have limited systematic value in defining supra-generic taxa. Pollen type 3 is found in the morphologically similar genera Enneapogon and Schmidtia. The two genera share similar palynological and macromorphological characters, i.e. pollen type 3 and incised 9 -13-nerved lemmas. These two genera seem to have diverged very early (Skvarla et al. 2003 ) and developed into a distinct group, which deserves to retain its tribal status.
Astrebla and Lintonia, members of subtribe Pommereullinae, are characterized by sparsely granulose exines. The two to four fertile florets per spikelet of Pommereullinae may present a primitive state that gave rise to that of one to two fertile florets per spikelet in tribe Cynodonteae (Clayton & Renvoize 1986 ). Palynological and molecular data (Hilu & Alice 2001) are largely consistent with the above hypothesis. The distinctive exine implies that subtribe Pommereullinae deserves to retain its subtribal status.
Pollen type 2 occurs in Acrachne and Dactyloctenium. The similarities of pollen and caryopsis characters (Liu et al.: Unpubl. data) provide additional evidence as to the close relationship between these two genera as Clayton & Renvoize (1986) pointed out.
Pollen type 4 is found in twenty-three investigated genera. Ten genera of Eragrostideae and one genus of Cynodonteae are characterized by a sparsely insular exine. Eight genera of Cynodonteae and four genera of Eragrostideae are characterized by a compactly insular exine. Clayton & Renvoize (1986) used morphological affinities as evidence for a close relationship between Eragrostideae and Cynodonteae. From the pollen morphology, a close relationship of these two tribes (Eragrostideae and Cynodonteae) is undoubtedly supported by the insular exine. The components of these two tribes should be reclassified after sampling additional genera (Peterson et al. 1995 (Peterson et al. , 1997 Jacobs & Everett 2000) .
Another group of related genera sharing the same pollen type is formed by Bouteloua, Ctenium, Microchloa, Uniola, Fingerhuthia and Distichlis. Among them, Bouteloua, Ctenium and Microchloa have a semiterete rachis. Uniola, Fingerhuthia and Distichlis have 5 -11-nerved lemma and are confined to the Neotropics with saline soils in seashore habitats. However, their systematic affinity needs further testing. Pollen morphology has value in delimiting suprageneric taxa within the Chloridoideae. However, this consideration should be used with care. On the one hand, we were not able to find any correlation between the inflorescence and the pollen type. Pollen type 1 is found in three tribes, each with a different type of inflorescence. Eragrostideae have panicles; Cynodonteae have racemes; Leptureae have spikes. However, they shared similar anatomical and physiological characters, for example, chloridoid microhairs and C 4 photosynthesis. This may indicate that the inflorescence typology is impracticable, but is merely convenient for descriptors (Doust & Kellogg 2002) . On the other hand, the pollen data are not consistent with the recent molecular data (Hilu & Alice 2001) . Four lineages are recognized based on matK sequences, which failed to obtain support from the present investigation. An expansion in sampling of additional members of the Chloridoideae should help us to define supra-generic taxa.
Pollen grains provide evidence that sharpen some generic boundaries. Pollen type 5 only occurs in genus Eustachys. This distinct pollen type may be associated with the preference for shaded habitats of E. tener. Unlike most of other chloridoid genera occurring in open land, E. tener is distributed with under-storey herbs. The sculpturally increased surface area should also increase the thermodynamic exchange with surrounding cooler air, which may help plants to adapt to temporal exposure to sunshine in arid environments.
Another example is given by the delimitation of Eleusine and Dactyloctenium (Clayton & Renvoize 1986) . Dactyloctenium is a very variable annual genus. The rachis tip varies from a sterile floret to a pointed extension. In its flowering state, it is difficult to distinguish from Eleusine based on morphology. However, pollen grains clearly separate the two genera: Eleusine has sparsely insular exine, while Dactyloctenium has spinulose exine.
The habit of Schmidtia pappophoroides varies from densely caespitose to suffrutescent with an arching runner. Launert (1965) has shown that the habit of Schmidtia species is noncorrelated with variation in spikelet dimensions. He concludes that only one species should be recognized. Our pollen data give further support to this view: specimens of two different habits have the same pollen type, small pollen grain with non-annulate aperture and verrucose exine. Clayton & Renvoize (1986) relegated Diplachne to a synonymy of Leptochloa. Their decision was mainly based on spikelet morphology. After observing pollen we agree with their decision, as there were only minor palynological differences between two genera: Diplachne have small pollen grains with sparsely insular exine, while Leptochloa have medium pollen grains with compactly insular exine.
Statistical analysis shows that the positive correlations between pollen data (between pollen and aperture size, and between aperture and annulus diameter) are strong. However, the correlation between floret length and pollen size is not strict. A floret smaller than 1.5 mm has pollen grains ranging from ca. 20 mm up to 26 mm, while a larger floret, ca. 10 mm, has pollen grains ranging from 25 mm to 29 mm. Moreover, the subtribe Zoysiinae has florets ranging from 1.2 to 17 mm, but no correlated differences were observed in their pollen sizes. Therefore, the true correlation lies in pollen data rather than in floret length.
The multi-aperturate condition is an abnormality within the Gramineae (Salgado-Labouriau et al. 1965 ). It probably results from meiotic chromosome abnormalities (Zucol 1998) . Another hypothesis is a correlation between the multi-aperture and apomixis in Gramineae. Ma et al. (2001) observed that the apomictic grasses (Paspalum formosanum, P. conjugatum, P. paspaloides, P. thunbergii, P. orbicularum) have multi-aperturate pollen. Whether the correlation is stable or not needs further investigation.
The data collected so far are not sufficient to address hypotheses on possible evolutionary trends in the pollen of Chloridoideae as a whole. No fossil grains have been found and no intensive studies on pollen of this subfamily have been conducted. However, the limited data may be used to suggest an evolutionary trend in the lineage. The evolutionary trend proposed, based on the present study is: Exine granulose to insular. According to the system of Clayton & Renvoize (1986) , primitive subtribes have granulose pollen exine, while more advanced subtribes have insular pollen exine. The trend proposed here is also from simple to complex features. If the granula expanded and ascended, they may be fused into insulae.
Pollen characters can be used as indicators for areas of origin and distribution of the chloridoid-group. High pollen exine diversity is mostly found in taxa of tropical areas (Uniola, Acrachne, Schmidtia, Sporobolus and Eustachys) and lower diversity in taxa of the subtropical areas (Microchloa and Zoysia). Combined with other data on evolution of the Chloridoideae (Hartley & Christine 1960 , Muller 1981 , the palynological data of the Chloridoideae reinforces the concept of possible origin of the Gramineae from the tropics in the past.
